Background Adequate muscle fibre perfusion is critical for the maintenance of muscle mass; it is essential in the rapid delivery of oxygen, nutrients and growth factors to the muscle, stimulating muscle fibre growth. Muscle fibre capillarization is known to decrease substantially with advancing age. However, whether (relative) low muscle fibre capillarization negatively impacts the muscle hypertrophic response following resistance exercise training in older adults is unknown. Methods Twenty-two healthy older men (71 ± 1 years) performed 24 weeks of progressive resistance type exercise training. To assess the change in muscle fibre characteristics, percutaneous biopsies from the vastus lateralis muscle were taken before and following 12 and 24 weeks of the intervention programme. A comparison was made between participants who had a relatively low type II muscle fibre capillary-to-fibre perimeter exchange index (CFPE; LOW group) and high type II muscle fibre CFPE (HIGH group) at baseline. Type I and type II muscle fibre size, satellite cell, capillary content and distance between satellite cells to the nearest capillary were determined by immunohistochemistry. Results Overall, type II muscle fibre size (from 5150 ± 234 to 6719 ± 446 μm 2 , P < 0.05) and satellite cell content (from 0.058 ± 0.006 to 0.090 ± 0.010 satellite cells per muscle fibre, P < 0.05) had increased significantly in response to 24 weeks of resistance exercise training. However, these improvements where mainly driven by differences in baseline type II muscle fibre capillarization, whereas muscle fibre size (from 5170 ± 390 to 7133 ± 314 μm
Introduction
The progressive loss of skeletal muscle mass and strength is a hallmark of ageing and is referred to as sarcopenia. The impact of sarcopenia on health and well-being is broad and includes impaired function, increased morbidity and increased incidence of institutionalization, reduced quality of life and even death. [1] [2] [3] [4] [5] It has been hypothesized that with ageing, skeletal muscle tissue becomes less sensitive to the main anabolic stimuli, i.e. nutrition and physical activity. [6] [7] [8] [9] This reduced muscle protein synthetic response is also referred to as 'anabolic resistance' and may be a key factor in the development of sarcopenia. 10, 11 Although the underlying mechanisms of age-related anabolic resistance is not fully understood, an emerging body of literature suggests that impairment in muscle fibre perfusion may play a key role. 8, 12, 13 Adequate muscle tissue perfusion is critical in muscle mass maintenance and growth, as it is essential in the delivery of oxygen, nutrients and growth factors to the muscle, stimulating muscle protein synthesis. However, arterial blood flow can be reduced in the lower extremities under both postabsorptive and post-prandial conditions in older individuals by 20-30%. 12, [14] [15] [16] This age-related reduction in muscle blood flow appears to be independent of muscle mass and related to chronic vasoconstriction, lower O 2 demand and/or decreased endothelial wall function. 17, 18 Furthermore, the structure of the microvascular bed is known to change substantially with advancing age, particularly as it relates to type II muscle fibre capillarization that decreases with age. 19, 20 The observed reduction in muscle fibre capillarization will likely translate to a decrease in overall perfusion of the muscle tissue and increase in the diffusion distance of circulating anabolic signals released from the capillaries to specific target cells in muscle tissue. For example, we 19 as well as others 21 have shown that a spatial relationship exists between muscle fibre capillaries and muscle stem cells, also known as satellite cells. 21 As satellite cells are the main (or only) source of additional myonuclei, they are considered to be important in repair, remodelling and growth of skeletal muscle. 22, 23 Activated and differentiating satellite cells are located closer to its nearest capillary as compared with quiescent satellite cells. 19, 21 We have recently shown that type II muscle fibre satellite cells are located at a greater distance to its nearest capillary in older as compared with young adults. 19 A decline in capillary density and, as such, greater distance between satellite cell and capillaries in older adults may be an important factor in the impaired recovery of skeletal muscle following exercise. [24] [25] [26] [27] Resistance exercise training is an effective strategy to increase skeletal muscle mass and strength in healthy and frail older adults. [28] [29] [30] [31] [32] As such, resistance exercise training is now the most commonly recommended exercise modality to combat the loss of muscle mass with age. Recent studies have shown that resistance exercise training can correct the age-related reduction in whole leg blood flow following feeding or feeding combined with exercise. 8, 12 However, discrepant results have been reported on the efficacy of resistance exercise training in the restoration of muscle fibre capillary density in healthy older adults. Whereas some do, 33, 34 other studies do not 35 report an increase in capillary density in response to resistance exercise training in older adults. In addition, whether capillary density is an important factor in the muscle fibre, hypertrophic response following prolonged exercise training in older adults is unknown. Therefore, in the current study, we determined whether whole-body resistance exercise training is an effective strategy to increase muscle fibre capillarization in healthy older men. In addition, we hypothesized that muscle fibre capillarization at baseline is a critical factor in the skeletal muscle hypertrophic response during prolonged exercise training in older adults.
Methods

Subjects
Twenty-two healthy older men (age: 71 ± 1 years, height: 1.76 ± 0.01 m, BMI: 27.4 ± 0.6 kg · m À2 ) were recruited to participate in a 24 week progressive resistance exercise training programme. During an initial screening visit, medical history was evaluated and a resting electrocardiogram and submaximal electrocardiogram were performed prior to inclusion. Participants were excluded in case of (silent) cardiac, peripheral vascular disease or orthopaedic or any other condition that would preclude successful participation in the exercise programme. Furthermore, an oral glucose tolerance test was performed to exclude type 2 diabetes patients from participation. All participants had not participated in any structured exercise training programme in the past 5 years and were all living independently. All participants were informed on the nature and possible risks of the experimental procedures before their written informed consent were obtained. This study was approved by the Medical Ethics Committee of Maastricht University Medical Centre and complied with the guidelines set out in the Declaration of Helsinki. This study was part of a greater project investigating the impact of prolonged resistance exercise training on skeletal muscle mass/strength, and metabolic health in older adults. 28, 36, 37 Participants were selected based upon the availability of a muscle biopsy sample on all time points during the intervention programme. To assess the impact of baseline muscle fibre capillarization on the muscle fibre hypertrophic response after resistance exercise training, participants were retrospectively divided into two equal groups (n = 11 per group) based on type II muscle fibre capillarization (corrected for capillary sharing factor and muscle fibre perimeter, also known as capillary-to-fibre perimeter exchange (CFPE) index) at baseline. This resulted in a group with a relatively low (LOW; CFPE: 4.4 ± 0.2 capillaries · 1000 μm À1 ) and high (HIGH; CFPE 6.1 ± 0.4 capillaries · 1000 μm À1 ) type II muscle fibre CFPE index.
Exercise intervention programme
Supervised resistance exercise was performed three times a week for a 24 week period. Training consisted of a 5 min warm-up on a cycle ergometer, followed by four sets on both leg press and leg extension machines (Technogym, Rotterdam, the Netherlands). In addition, three sets were performed on the chest press and horizontal row, and (alternating) vertical lat pull-down and abdominal crunches, or biceps curl and triceps extension. During the first 4 weeks of the training period, the workload was gradually increased from 60% (10-15 repetitions) of 1RM to 80% of 1RM (8-10 repetitions). Starting at week 5, four sets of eight repetitions were performed at 75-80% of 1RM on leg press and leg extension. For the upper body exercises, two sets were increased to three sets starting in week 5. Resting periods of 1.5 and 3 min were allowed between sets and exercises, respectively. Each session ended with a 5 min cool down period on the cycle ergometer. Workload was increased when more than eight repetitions could be performed in three out of four sets. In addition, workload intensity was adjusted based on 1RM tests (performed at weeks 4, 8, 12, 16 and 20) .
Muscle biopsy sampling
Three days prior to the start and following 12 and 24 weeks of the intervention (4 days after the final strength test), muscle biopsies were taken from the right leg of each participant in the morning after an overnight fast. After local anaesthesia was induced in the skin, percutaneous needle biopsy samples (50-80 mg) were collected from the vastus lateralis muscle, approximately 15 cm above the patella. Any visible nonmuscle tissue was removed immediately, and biopsy samples were embedded in Tissue-Tek (Sakura Finetek, Zoeterwoude, the Netherlands), frozen in liquid nitrogen-cooled isopentane and stored at À80°C until further analyses.
Immunohistochemistry
Frozen muscle biopsies were cut into 5 μm thick cryosections using a cryostat at À20 C and thaw mounted on uncoated pre-cleaned glass slides. Samples from baseline and after 12 and 24 weeks of resistance exercise training were mounted together on the same glass slide. Samples were stained with antibodies against Pax7 19 Slides were viewed with the Nikon Eclipse Ti Microscope (Nikon Instruments Inc., USA), equipped with a highresolution Photometrics CoolSNAP HQ2 fluorescent camera (Nikon Instruments, Melville, NY, USA). Images were captured and analysed using the Nikon NIS Elements AR 3.2 software (Nikon Instruments Inc., USA). All images were obtained with the 20× objective, and at least 200 muscle fibres/subject/time point were included in the analyses for satellite cell content, capillary content, fibre size, and fibre perimeter. Fibre circularity was calculated (4π · fibre size)/(perimeter) 2 . Whereas no difference over time was observed in the LOW group, type II muscle fibre circularity was significantly higher at 12 and 24 weeks of resistance exercise training compared with baseline in the HIGH group (see Table S1 ). The quantification of muscle fibre capillaries was performed on ≥ 50 muscle fibres/subject/time point. Based on previous work, 33 quantification was made of (i) capillary contacts (CC), (ii) the capillary-to-fibre ratio (C/Fi) and (iii) capillary-to-fibre perimeter exchange (CFPE) index. The SC-to-capillary distance measurements were performed on all satellite cells that were adjoined by other fibres. The measurement was taken by identifying a satellite cell (i.e., Pax7 + co-localized with DAPI, beneath the basal lamina, identified by laminin) and tracing the perimeter of the muscle fibre of which it was associated to, down to the nearest capillary. If two capillaries were situated within visually similar distances, both distances would be traced and the lesser of the two would be recorded (See Figure 1 for representative images of the staining). The areas selected for analysis were free of 'freeze fracture' artefact, and care was taken such that longitudinal fibres were not used in the analysis.
Statistical analyses
Data are expressed as means ± SEM. Exercise training induced changes were analysed using repeated measures ANOVA with time (baseline, 12 weeks, 24 weeks) and fibre type (Type I vs. Type II) as within-subject factors. In the event of significant time x fibre type interactions, type I and type II muscle fibres were analysed separately. Additional repeated measures ANOVA analyses were performed with time (baseline, 12 weeks, 24 weeks) and fibre type (Type I vs. Type II) as within-subject factors and group (LOW vs. HIGH) as the between-subject factor. In case of significant time x fibre type x group or time x group interaction LOW and HIGH groups were analysed separately. Bonferroni correction was applied to correct for multiple testing. Significance was set at P < 0.05. All calculations were performed using SPSS version 21.0 (Chicago, IL).
Results
Muscle fibre size and type distribution Overall At baseline, muscle fibre size was significantly smaller in type II compared with type I muscle fibres (Table 1 , P < 0.01). We observed a significant time x fibre type interaction (P < 0.05), as such, type I and type II muscle fibre size were analysed separately. Whereas no change in type I muscle fibre size was observed, type II muscle fibre size increased significantly in response to 24 weeks of resistance exercise training (P < 0.05, Values are means ± SEM. a significantly different compared with Type I (P < 0.05). b significantly different compared with baseline and 12 weeks (P < 0.05).
As we observed a significant time x group interaction (P < 0.05), the LOW and HIGH group were analysed separately. In the LOW group, no significant change in type I and type II muscle fibre size was observed in response to exercise training (Main effect of time, P = 0.142; Figure 2A and B). In the HIGH group, type I and type II muscle fibres were analysed separately as there was a time x fibre type interaction (P < 0.05). Whereas type I muscle fibre size tended (Main effect of time, P = 0.058) to increase, we observed a significant increase in type II muscle fibre size in the HIGH group after 12 and 24 weeks of resistance exercise training (Main effect of time, P < 0.01; Figure 2A and B) . Interestingly, the percentage of type I muscle fibres was significantly lower in the LOW vs. the HIGH group (45 ± 4 vs. 64 ± 5% type I muscle fibres, respectively; Main effect of group, P < 0.001), which remained unchanged in both the LOW and HIGH group during the intervention ( Figure 3A and B).
Muscle fibre capillaries
Overall
The number of type II muscle fibre CC was significantly lower than in type I muscle fibres before the start of exercise training ( Table 2 , P < 0.01). In addition, the C/Fi and CFPE index were significantly lower in type II compared with type I muscle fibres ( Figure 4A-D) . The number of type II muscle fibre CC was significantly lower in the LOW vs. the HIGH group (P < 0.05; Figure 4E-F) . No change in type I and type II muscle fibre CFPE, C/Fi and/or CC was observed in response to 12 and 24 weeks of resistance exercise training in both the LOW and HIGH group ( Figure 4A-F) .
Muscle satellite cells
Overall Prior to the intervention, type II muscle fibre satellite cell content was significantly lower compared with type I muscle fibres (P < 0.01; Table 2 ). In response to 24 weeks of Figure 2 Muscle fibre size in type I (A) and type II (B) muscle fibres. LOW: relatively low baseline type II muscle fibre capillary-to-fibre perimeter exchange (CFPE) index (n = 11). HIGH: relatively high baseline type II muscle fibre CFPE index (n = 11). Data represent mean ± SEM. Asterisk (*) denotes significantly different compared with pre (P < 0.05).
Figure 3
Muscle fibre type distribution expressed as proportion of (A) and cross-sectional area (CSA) occupied by (B) type I muscle fibres. LOW: relatively low baseline type II muscle fibre capillary-to-fibre perimeter exchange (CFPE) index (n = 11). HIGH: relatively high baseline type II muscle fibre CFPE index (n = 11). Data represent mean ± SEM. Number sign (#) denotes significantly different data compared with HIGH group (P < 0.05). significantly different compared with baseline (P < 0.05). CFPE, capillary-to-fibre perimeter exchange; C/Fi, Individual muscle fibre capillary-to-fibre ratio. resistance exercise training, satellite cell content increased significantly in both type I and type II muscle fibres (P < 0.05; Table 2 ). At baseline, satellite cell distance to its nearest capillary was significantly greater in type II compared with type I muscle fibres (P < 0.001; Table 2 ). Type I and type II muscle fibre satellite cell distance to nearest capillary did not change in response to 12 and 24 weeks of resistance exercise training (Table 2 ).
LOW vs. HIGH group At baseline, type I and type II muscle fibre satellite cell content was not different between the LOW and HIGH group. As a significant time x group interaction (P < 0.05) was observed, we assessed the change over time in the LOW and HIGH group separately. In the LOW group, no significant change in type I and type II muscle fibre satellite cell content was observed in response to the intervention ( Figure 5A and B). In contrast, we observed a main effect of time in type I and type II muscle fibre satellite cell content in the HIGH group (P < 0.05). Post hoc pairwise comparisons showed that type II muscle fibre satellite cell content tended to be higher at 12 (P = 0.058) and 24 weeks (P = 0.085) after resistance exercise training compared with baseline in the HIGH group ( Figure 5A and B) . Type I and type II muscle fibre satellite cell distance to nearest capillary was not different between the LOW and HIGH group. In addition, no changes were observed in type I and type II satellite cell distance to nearest capillary in response 12 and 24 weeks of exercise training in both groups ( Figure 5C and D).
Discussion
In this study, we report that prolonged whole-body resistance exercise training induced muscle fibre hypertrophy is not accompanied by an increase in capillary density in older men. Interestingly, however, we observed that the increase in type II muscle fibre size following 24 weeks of resistance type exercise training was mainly driven by individuals who had a higher muscle fibre capillarization at baseline. Resistance exercise training is a known stimulus for inducing muscle fibre hypertrophy in both young and older adults. 39, 40 In this study, we report an increase in type II muscle fibre size in response to 12 (increase of 18 ± 6%) and 24 weeks (increase of 35 ± 7%) of resistance exercise training in healthy older men (Table 1) . These results are comparable with previous resistance exercise training studies in older adults. 28, 30, 32, 36, 41, 42 Nevertheless, previous studies have shown that exercise training induced muscle fibre growth is considerably lower in healthy older when compared with young adults. 41, 42 Adequate muscle fibre perfusion is critical for the delivery of oxygen, nutrients and growth factors necessary to facilitate muscle fibre growth during postexercise recovery. As such, it has been hypothesized that the age-related decline in muscle fibre perfusion is a key factor in the blunted anabolic response to exercise training in older adults. 8, 12, 13, 17, 20, 43, 44 Cross-sectional studies have shown that leg blood flow is better preserved in resistance exercise trained older adults as compared with sedentary older adults. 45 In addition, prolonged resistance exercise Figure 5 Muscle satellite cell content and distance to nearest capillary in type I (A and C) and type II (B and D) muscle fibres. LOW: relatively low baseline type II muscle fibre capillary-to-fibre perimeter exchange (CFPE) index (n = 11). HIGH: relatively high baseline type II muscle fibre CFPE index (n = 11). Data represent mean ± SEM. Asterisk (*) denotes significant effect of time (P < 0.05).
training is known to increase basal leg blood flow in both young 46 and older adults. 47 However, the actual perfusion of muscle tissue relies on the muscle fibre capillary scaffolding between individual muscle fibres. Mixed results have been reported on the increase in muscle fibre capillary density following prolonged resistance exercise training in older adults. Whereas some 34, 48 reported a significant increase in muscle fibre capillary density following prolonged resistance exercise training in older adults, others do not. 35 In this study, we report no change in muscle fibre capillarization in response to 12 and 24 weeks of resistance exercise training in older men. These discrepancies may, in part, be explained by the differences in the exercise training protocols employed. Previous studies showing an increase in muscle fibre capillary density 34, 48 have generally used exercise training protocols that target only the lower limbs, whereas in the present study, whole-body resistance exercise was performed. We specifically chose to examine the response to whole-body resistance exercise as this is a commonly practised approach in older adults. Nonetheless, this suggests that a certain exercise intensity or volume may be required to elicit an angiogenic response with resistance exercise training in older adults; however, this notion requires further exploration.
Resistance type exercise training specifically targets the growth of type II muscle fibres in both young and older adults. However, the structure of the microvascular bed is known to change substantially with advancing age, particularly as it relates to type II muscle fibre capillarization that decreases with age. 19, 20 We hypothesized that type II muscle fibre capillarization at baseline may be a critical factor in the type II muscle fibre hypertrophic response during prolonged resistance exercise training in older men. Therefore, we split participants into two equal groups (n = 11 per group) who had a relatively low (LOW) or high (HIGH) type II muscle fibre CFPE index at baseline and assessed the changes in type I and type II muscle capillary density, fibre type distribution and fibre size over time. Type II muscle fibre capillary density was significantly lower on all capillary parameters (i.e. CC, C/Fi and CFPE) in the LOW compared with the HIGH group, yet, muscle fibre capillarization remained unchanged in response to prolonged exercise training in both groups. Interestingly, participants in the HIGH group had a significantly higher percentage of type I muscle fibres compared with the LOW group (64 ± 5 vs. 45 ± 4%, respectively). Because of their oxidative nature, type I muscle fibres are typically associated with a greater number of capillaries than type II muscle fibres. 43 As muscle capillaries are frequently shared between different muscle fibre types, a higher percentage of type I muscle fibres will also likely result in an enhanced perfusion of type II muscle fibres. Interestingly, however, we observed a substantial increase in type II muscle fibre size following 12 and 24 weeks of exercise training in the HIGH group only, there was no significant change in the LOW group. Whereas there is absolutely no change in type II muscle fibre size during the first 12 weeks of exercise training in the LOW group, it does appear to increase slightly at 24 weeks of resistance training. The relatively small number of participants included per group, in this proof-of-principle study, may have prohibited us to detect this change statistically. Nevertheless, this study is the first to suggest that capillarization of type II muscle fibres at baseline may be a critical factor in stimulating muscle fibre hypertrophy during prolonged resistance exercise training in older men.
As myonuclei are post-mitotic, muscle satellite cells play an important role in donating new nuclei to existing fibres to support muscle fibre repair, remodelling and growth. 22 Consistent with previous studies, we report a significant increase in type I and type II muscle fibre satellite cell content in response to prolonged resistance exercise training in older men. [30] [31] [32] 36, 42 More importantly, we observe that the exercise-induced increase in muscle fibre size in the HIGH group was accompanied by a substantial increase in satellite cell content, whereas no change was observed in the LOW group. Whether the lack of change in satellite cell content in the LOW group is due to a lower muscle fibre capillarization at baseline or just merely because of the absent muscle fibre growth in response to exercise training requires further investigation. Nonetheless, the spatial structure of the muscle fibre microvascular bed appears to be an important determinant of muscle satellite cell activation. 19, 21 Previously, we 19 as well as others 21 have shown that activated satellite cells are located at a closer proximity to capillaries as compared with quiescent satellite cells. Interestingly, we 19 have recently shown that type II muscle fibre associated satellite cells are located at a greater distance to their nearest capillary in older compared with young men. This greater distance between the satellite cell and capillaries in older adults may be an important factor in the impaired satellite cell response during post-exercise recovery observed in humans. [24] [25] [26] [27] However, satellite cell distance to its nearest capillary was not different between groups and did not change over time. This would suggest that the greater distance observed between satellite cells to its nearest capillary in type II compared with type I muscle fibres is not a limiting factor during muscle fibre hypertrophy in response to prolonged exercise training in older men.
Resistance exercise training is currently the most commonly recommended exercise modality to combat the loss of muscle mass with age. The present study, however, clearly shows that performing prolonged whole-body resistance type exercise training does not increase type II muscle fibre capillary density in older men. In addition, muscle fibre capillarization at baseline appears to be a determining factor in the muscle hypertrophic response following exercise training in older adults. Other exercise modalities, such as continuous aerobic or interval exercise training, have consistently reported increases in muscle fibre capillary density in older adults. 20, [48] [49] [50] It would be interesting to examine whether, for example, aerobic pre-conditioning could alleviate the blunted increase in skeletal muscle mass and strength during traditional resistance exercise training in older adults. 41, 42 In addition, future studies are needed to assess whether improved muscle fibre capillarization may also improve satellite cell function in senescent muscle during post-exercise recovery.
In conclusion, type II muscle fibre capillarization at baseline may be a critical factor for allowing muscle fibre hypertrophy following resistance exercise training to occur in older men.
